Ozone has been proposed for water disinfection because it is more efficient than chlorine for killing microbes and rcsults in much lower levels of carcinogenic trihalomcthanes than does chlorination. Ozone leads to formation of hypobromous hcid in surface waters with high bromine content and forms brominated organic by-products and bromate. The carcinogenicity and chronic toxicity of potassium bromate (KBrO,) was studied in male B6C3F, mice and F344M rats to confirm and extcnd the results of previous work.
INTRODUCTION
Potassium bromate (KBrO,) is a chemical oxidizing agent that has been used in analytical chemistry, in flour milling, as an ingredient in fish-paste products in Japan, in beer malting, in cheese making, and as a component of home and salon permanent hair-wave kits (2, 3). Its purpose in the baking industry is to improve the baking properties of flour (2, 3). Potassium bromate is not a naturally occurring compound and is synthesized by passing elemental bromine through a solution of potassium hydroxide (3). In an industrial setting, KBrO, is considered a respiratory irritant, with a time-weighted average workplace exposure of 5 mg/m3 for a standard work week (2).
Most serious human exposures to KBrO, solutions have been through the accidental or purposeful ingestion of permanent hair-wave solutions (3, 11, 30, 43) . Human patients who ingest KBrO, solutions develop renal disease and neuropathy (3, 11, 30, 43) . Nephrotoxicity and ototoxicity occur in human patients within the first few hours after ingestion; frequently the outcome of poisoning is death (1 1). Partly because of the severity of the acute toxicity in humans following exposure to high oral concentrations, KBrO, solutions have mostly been re-placed in permanent hair-wave kits with less acutely toxic solutions (30) . Toxicity in human patients has resulted from ingestion of estimated doses as low as 5 mgkg body weight, and death has resulted from ingestion of solutions containing as little as 12 g KBrO, (11, 30).
Chronic KBrO, exposure has been studied in the hamster, mouse, and rat (28, 29, 31, 32, 44, 48, 49) . Mice and rats fed brominated bread for 2 yr did not have an increased incidence of tumors or treatment-related nonneoplastic lesions (17, 19) . Subsequent to these brominated bread studies, it was discovered that the baking process changes KBrO, to KBr; therefore, there is little KBrO, in finished bread products (17, 29) . Potassium bromate is stable in aqueous solution and was found to be a carcinogen in the rat after 2 yr of administration in the drinking wmer (28, 44) . Male and female F344 rats developed renal cell tumors and thyroid follicular tumors, and the males also had an increased incidence of abdominal mesotheliomas (29, 32) . Mice and hamsters treated with KBrO, in the drinking water for up to 2 yr did not have an increased tumor incidence but did have increased numbers of dysplastic renal lesions (32, 33, 49) .
The Safe Drinking Water Act and its Amendments were enacted to assure that U.S. citizens are provided with clean and safe potable water. In this act, the U.S. Environmental Protection Agency (EPA) is charged with identifying drinking water contaminants and their poten-587 tial adverse health effects and with developing regulations and suggested compliance technologies that minimize human exposure to potential toxicants and carcinogens (5). For almost 20 yr, the public, government, and scientific communities have been discussing alternatives to chlorination of drinking water (1, 9, 16, 35, 45) . The rationale for replacing chlorine lay in the demonstration that some disinfection by-products are carcinogenic in laboratory animals (7, 13, 23). One of these alternatives is ozonation. Ozone has been proposed for water disinfection partly because it is more efficient than chlorine for killing microbes (1, 9, 16, 45) . Ozone disinfection also results in much lower levels of trihalomethanes. which are carcinogenic in rodents and are the major contaminants of chlorination (23, 25). However, ozone also leads to formation of hypobromous acid in surface waters with high bromine content. The acid reacts with natural organic material to form brominated organic by-products and bromate (10. 16, 18) .
Ozonation of surface waters containing bromide ion (Br-) results in the oxidation of bromide to bromate (18) . which can be found in finished drinking water as a byproduct. The reaction occurs rapidly at environmental bromide concentrations and is dependent on the ozone, concentration, pH, and contact time (6). Krasner et a1 (25) measured quarterly concentrations of 70-100 pg/L bromide in the influent waters of 35 U.S. utilities. Based on that study and upon pilot plant experiments in which bromate production was measured in raw water spiked with various bromide concentrations, the waters were ozonated. It was calculated that 75% of the water supplies would have 40 pg/L bromate and that levels of up to 100 pg/L bromate would be expected in water containing 2 mg/L bromide (6). The present study was designed to confirm and extend the results of Kurokawa et a1 (28, 29, 32, 44) . to examine the previously unreported effects in male mice, and to provide a detailed quantitative examination of target tissues for development of a human health risk assessment by the U.S. EPA.
MATERIALS AND METHODS
Preparation of KBrO, Dosirig Soliitioiis. Potassium bromate (99+%; CAS 7758-01-2; Aldrich Chemical Co., Milwaukee, WI) was dissolved in deionized water to produce target concentrations of 0.02,0.08,0.1,0.2,0.4, and 0.8 g/L. Freshly prepared solutions were administered to the animals in brown glass water bottles fitted with Teflon stoppers and stainless-steel, double-balled sipper tubes. Drinking water solutions were changed every 5-7 days. The purity, targeted KBrO, concentrations, and stability of representative solutions were monitored throughout the study. The solutions were pipetted into 7-ml liquid scintillation minivials that were then capped tightly and stored at 5°C. The drinking water was analyzed to determine KBrO, concentration according to EPA Method 300.0 (14) using a Waters high-pressure liquid chromatography system equipped with a Dionex CD-20 conductivity detector with a DS-3 conductivity cell and an ASRS-I1 anion self-regenerating suppressor module. The nominal and analyzed KBrO, concentrations are shown in Tables I and 11 .
Anirnals arid Ariirnal Husbandry. Only male rats were used because they are the most sensitive species and sex for bromate-induced cancer. Male mice were included because there is no published information on bromate car- cinogenicity in male mice. Weanling male B6C3F, mice and F344 rats confirmed free of viral antibodies and bacterial and parasitic infections were obtained (Charles River Laboratories, Portage, MI) and held for 1 wk in quarantine. The animals were randomly assigned to the treatment groups and started in the study at 28-30 days of age. The treatment rooms were maintained at 20-22°C and 40-60% humidity on a 12-hr light-dark cycle. Five or 6 mice were housed in each polycarbonate cage and were provided Purina Rodent Laboratory Chow (Purina, St. Louis, MO) and water ad libitimtti. Rats were housed 3/cage on wood chips. Clinical observations were recorded daily; moribund animals were euthanatized and necropsied. Tissues taken from moribund and dead animals were preserved in 10% neutral buffered formalin (NBF). Body weights and water consumption were measured at the start of the studies, twice during the first month, and then monthly. Time-weighted water consumption was calculated over the interim and total dosing period by dividing the amount of water used over a particular time interval by the animal weight/cage (expressed as ml/kg/day). All aspects of these studies were conducted in facilities certified by the Association for Assessment and Accreditation of Laboratory Animal Care in compliance with the guidelines of that association and the National Health and Environmental Effects Research Laboratory Animal Care and Use Committee. Atiittial Dosiiig. Two hundred 28-30-day-old male B6C3F, mice were randomly assigned to 0, 0.08,0.4, and 0.8 g/L KBrO, treatment groups (50 mice/group), and 250 28-30-day-old male F344 rats were randomly assigned to 0, 0.02, 0.1, 0.2, and 0.4 g/L KBrO, treatment groups (50 rats/group). Animals received KBrO, in the drinking water for up to 100 wk. All animals that survived to the end of the study were euthanatized and subjected to a complete necropsy, with macroscopic examination of all tissues.
Patliology. Tissues to be taken at necropsy were selected based on previous studies and included gross lesions, liver, kidneys, testes, spleen. thyroid gland (rat only), stomach, duodenum, jejunum, ileum, colon, rectum, and urinary bladder. The tissues were removed, examined, and fixed in NBE Prior to euthanasia the animals were weighed, and at necropsy organ weights were obtained for the liver, kidneys, testes, spleen, and thyroid gland. Fixed tissues were processed by routine methods for paraffin embedment, sectioned at 5 Fm, stained with hematoxylin and eosin, and examined by light microscopy. Nephropathy scores were graded semiquantitatively based on the percentage of the renal cortex involved: 0 = no nephropathy, 1 = 1-10% of renal cortex involved, 2 = -25% 3 = -50%, 4 = -7596, and 5 = >75% of the renal cortex involved and fibrosis and mineralization were present.
Seri4iti Clietiiistry. Serum samples from mice and rats were analyzed for levels of total protein, albumin, creatinine, uric acid, total plasma antioxidant activity (39) . and blood urea nitrogen. The serum was also analyzed for .levels of lactate dehydrogenase, alanine transaminase, aspartate transferase, alkaline phosphatase, and sorbitol dehydrogenase. The analyses were done on a Cobas Fara I1 centrifugal spectrophotometer (Hoffman/La Roche, Branchburg, NJ) using routine methods and standard kits (Sigma Chemical Co., St. Louis, MO).
Statistical Evabatioii. Continuous variables were analyzed using a 1-way analysis of variance (ANOVA) (53) . Detection of some overall effect of treatment groups was followed by pairwise comparisons with controls using appropriate contrasts. If either the homoscedasticity assumption (Levene's test) or the assumption of normal distribution (Shapiro-Wilk test) were violated, then a nonparametric analysis (ANOVA on the ranks of the data) was performed, followed by nonparametric (Wilcoxon rank sum) pairwise comparisons with controls. Tests for trend with dose were performed using contrasts in the mean responses. For tumor (or lesion) prevalence, overall differences among treatments and for comparisons with controls, respectively, the likelihood ratio x2 test (15) , and Fisher's exact test were used. Similar comparisons involving the counts of tumors (or lesions) per organ were performed using log-rank tests (50) . Trends (with dose) of tumor prevalence were evaluated using an extension of the Fisher-Irwin test. Trends (with dose) of tumor counts were evaluated using a log-rank monotone trend test. Tests of differences between tumors and/or lesion prevalence or multiplicity were 1 sided. Survival curves were determined using the product limit estimates of Kaplan-Meier, and tests for equality of survival curves across strata were performed using the log-rank test. Significance was defined as p 5 0.05.
RESULTS

Male B6C3Ft Mice
KBrO, Concentrations. Simrvival, Water arid Feed Consuniptioii. Body Weight, arid Dose Deterinitiation. Measured values of 0.085, 0.426, and 0.836 g/L were determined for the 0.08, 0.4, and 0.8 g / L targeted KBrO, drinking water concentrations, respectively (Table I) . No significant differences in animal survival, body weight gain, or feed consumption between any treatment group and the control group were observed. There was a trend (p 5 0.05) toward depressed water consumption with increasing KBrO, concentration, with the high-dose group significantly lower in water consumption than the control. Time-weighted mean (2SEM) daily water consumptions of 115 2 3, 114 2 5, 106 2 4, and 97 2 4 ml/kg/day and daily feed consumptions of 130 2 7, 124 2 6, 126 ? 6, and 120 ? 6 g/kg/day were calculated for the 0, 0.08,0.4, and 0.8 g/L KBrO, solutions, respectively, over the 100-wk expesure period. Time-weighted mean daily doses of 9.1, 42.4, and 77.8 mgkglday were calculated from the mean daily water consumptions and the measured drinking water KBrO, concentrations (Table I) .
Body atid Organ Weights. No significant alterations were seen for the final body weight or the absolute and relative liver, kidney, spleen, and testes weights in any of the KBrO, exposure groups when compared with controls.
KBrO,-Itidi(ced Neoplosia. There was a treatment-but not a dose-related increase in the incidence of mouse renal tumors after 100 wk of KBrO, in the drinking water. TOXICOLOGIC PATHOLOGY The background incidence of renal tumors in male B6C3F, mice is <OS% (41); therefore, the increased incidence of renal cell tumors was determined to be biologically significant (Table 111) . No significantly increased prevalence or multiplicity of hepatocellular adenoma or carcinoma was observed in any of the KBrO, treatment groups (Table IV ). There were no other treatment-related increases in benign or malignant neoplasms. The spectrum and incidence of nonrenal tumors were consistent with expected background for this sex and strain of mouse (41). Noriiieoplastic Patliology. The kidney was examined for the presence of pathology. The severity of nephropathy was not different between treated and control animals and had a nephropathy score of <1 (data not shown). There were no treatment-related increases in nonneoplastic lesions in any tissue examined. There were no significant differences in the incidences of nonneoplastic lesions between control and treated mice (data not shown).
Senun Chemistry. No KBr0,-induced alterations in the serum enzyme activities, uric acid, total plasma antioxidant activity, protein, albumin, or creatinine concentrations were present (data not shown).
Male F344N Rats
KBrO, Coiicentrations, Sirrvival, Water and Feed Consimption, Body Weight, and Dose Determiriation. Values of 0.022, 0.11, 0.214, and 0.426 g/L were measured for the targeted 0.02, 0.1, 0.2, and 0.4 g/L KEirO, drinking water concentrations, respectively (Table 11 ). There were significant decreases in the survival of animals in the 0.2 g/L and 0.4 g/L KBrO, groups ( Table 11 ). The animals in the high-dose group were euthanatized and necropsied at 94 wk because of the high rate of mortality and morbidity that resulted from a significant depression of the body weight gain (Fig. 1) . There was a significant trend toward increased water consumption with increasing KBrO, concentration. Rats in the 0.2 g / L and 0.4 g/L treatment groups had 22% and 35%, respectively, increased water consumption over controls. Although KBrO, affected water consumption, there was no effect on feed consumption (Table 11 ). The final mean body weight of the animals in the high-dose group was significantly decreased (82% of control; Table V ). Significant increases in the kidney and thyroid weights and increased relative liver, kidney, thyroid, and spleen weights were present only in rats given 0.4 g/L KBrO, (Table V) .
KBrO,-Iiiduced Neoplasia. A dose-dependent increased incidence of mesotheliomas arising on the tunica vaginalis testis was present in KBrO,-treated groups (Table VI). These vaginal tunic mesotheliomas tended to be bilateral but in some cases were unilateral. In many affected rats, mesothelioma was also present on the serosal surface of some or all of the abdominal viscera examined and the mesentery. In no rats was there evidence of mesothelioma within the pleural cavity. In all rats with mesotheliomas on the abdominal viscera, there were also mesotheliomas of the vaginal tunic. There were no cases of peritoneal mesothelioma without involvement of the vaginal tunic. Male F344 rats treated for up to 100 weeks with 0.4 g/L KBrO, had an increase in renal cell tumors (Table  VII) . Most of the tumors occurred in the cortex, with a few extending into the outer stripe of the outer medulla. The most common cell type was a vacuolated cell with a thin rim or bands of basophilic cytoplasm. This vacuolated cell type is similar to that reported previously for bromate-induced renal tumors in the rat and is similar to what was seen in the mouse.
Rats treated with 20.2 g / L KBrO, had an increased incidence of thyroid follicular proliferative lesions, including hyperplasia, adenoma, and carcinoma (Table  VIII) . There were no differences between treated and control rats in incidence of thyroid C-cell lesions. There were no other treatment-related increases in benign or malignant neoplasms. The spectrum and incidence of other tumors were consistent with expected background for this strain and sex of rat (42) . Notineoplastic Pathology. The kidney was examined for the presence of treatment-related increased seventy of chronic progressive nephropathy, but the severity of nephropathy was not different in treated and control animals. Other alterations present in kidneys from bromatetreated rats included foci of mineralization of the renal papilla and eosinophilic droplets in the proximal tubule epithelium. There was no apparent dose-dependent increase in the incidence of either of these lesions.
The renal pelvis had a dose-dependent increase in hyperplasia of the transitional cells lining the renal papilla and pelvis (urothelial hyperplasia, Table IX) . Urothelial hyperplasia was characterized by a marked increase in the number of layers of urothelial cells lining the renal papillae and pelvis. These cells frequently extended into the renal space in long fronds or sessile mats. There were no other treatment related increases in nonneoplastic lesions in any tissue examined. The incidences of nonrenal lesions were not significantly different between control and treated rats (data not shown).
Sennn Chetnistry. All serum chemistry values were within normal limits and were not different from those of control animals, except for an increased total plasma antioxidant activity in the 2 low-dose groups. 
DISCUSSION
The present study confirmed the observations by Kurokawa et a1 (27-29, 32, 44) that KBrO,, when provided in the drinking water, results in a dose-dependent increased incidence of renal cell tumors, thyroid follicular tumors, and mesotheliomas arising on the tunica vaginalis testis in male F344 rats. Unlike previous reports, we also saw a treatment-related increased incidence of renal cell tumors in male B6C3Fl mice.
Rat renal cell tumors developed at concentrations of 20.1 g L (100 ppm) but were significantly increased only at the high dose. The morphologic appearance and distribution of the renal tumors in the rat kidney were similar to what had been described previously (28). Renal cell tumors in male mice were seen at all treatment concentrations of 20.08 g / L (80 ppm). Previous reports suggested that the mouse kidney may be a target for bromate-induced cancer, but this is the first study to confirm that KBrO, does induce male mouse kidney tumors.
Male and female B6C3F1 mice had been treated with KBrO, in the drinking water, but the males had to be removed from the study because of fighting (32). Female mice treated for 78 wk with 500 or 1,000 ppm of KBrO, in the drinking water did not develop renal tumors, and dysplastic foci were not mentioned (32). In a study of male B6C3F1, BDF,, and CDF, mice, an increased incidence of renal tumors was found after 88 wk of 750 ppm KBrO, in the drinking water (33). In another study, newborn ICR mice *treated subcutaneously with KBrO, developed dysplastic renal foci but no tumors (38) . In these previous studies, the mice may not have been treated long enough for renal tumors to develop or, as with other compounds, there may have been a gender difference in response in the mouse kidney (8, 12, 24, 37). In addition, there could be strain differences. Strain differences were detected for the production of lipid peroxides in male mice treated iv with KBrO, (33). Male CDF, mice had increased lipid peroxide levels and B6C3Fl and BDF, mice had decreased levels after KBrO, treatment (33).
Assessment of nephrotoxicity in the present study did DEANGELO ET A L TOX~COLOGIC PATHOLOGY not reveal any association between treatment and nephrosis in rats or mice. This response is different from that reported previously in which a dose-related increase in the severity of chronic progressive nephropathy in rats treated for up to 2 yr with KBrO, was associated with dysplastic foci and tumors (27, 29) . We did find a treatment-related increase in the presence of eosinophilic droplets within the cytoplasm of proximal tubule epithelium. The eosinophilic droplets are thought to be indicators of oxidant damage and are possibly lipofuscin granules (33). When male F344 rats were treated with KBrO, and cysteine or reduced glutathione, the occurrence of eosinophilic bodies was decreased; it was increased when rats were pretreated with diethyl maleate, which depletes glutathione (33). The eosinophilic bodies occur as a result of oxidative damage from the KBrO,.
The transitional cells within the renal pelvis were markedly hyperplastic in rats treated with 20.1 g/L (100 ppm) KBrO,, but there was no urothelial hyperplasia in the mouse renal pelvis. This alteration is frequently associated with severe nephropathy and renal papillary necrosis (40, 54, 55). Neither of those lesions were prevalent in this study. Up to 30% of KBr0,is excreted unchanged through the kidney, which could put a considerable amount of bromate in direct contact with the pelvis urothelium, causing a proliferative response (30). There was, however, no hyperplastic response in the urinary bladder. Treatment-related hyperplasia of the urinary bladder has not been associated with urothelial hyperplasia of the renal pelvis (40).
Mesothelioma arising from the tunica vaginalis testis was induced in the rat in a concentration-dependent manner from 20.02 g/L (20 ppm). Testicular mesotheliomas were found at a lower concentration than had been re- ported previously (27). In a dose-response study for carcinogenicity of KBrO, in the rat, testicular mesotheliomas were induced at concentrations of 230 pprn in the drinking water but were not seen when rats were treated with 15 ppm for up to 104 wk (27). In the present study, mesotheliomas were frequently found scattered throughout the peritoneal cavity on the serosal surfaces of many organs. There did not appear to be a concentration-dependence to the frequency of multiple sites for this tumor. This particular mesothelioma is thought to arise on the tunica vaginalis covering the testicle and then spread to other sites by direct implantation or seeding from the primary tumor (20). These additional sites are considered neither additional primary sites nor metastases (20) (Pathology Working Group, personal communication). Thyroid follicular tumors were increased in the rat in a treatment-and concentration-dependent manner. There was an increase in the incidence of thyroid follicular proliferative lesions even at the low dose of 0.02 g L (20 ppm), but thyroid follicular tumors were statistically increased in rats given 20.2 g/L (200 pprn) . This concentration of KBrO, is much lower than that previously reported to induce thyroid follicular tumors. In a dose-response study of KBrO, provided in the drinking water to male F344 rats, thyroid follicular tumors were found only in rats treated with 260 ppm, but the increased incidence was significant only at the high dose of 500 ppm (27). Follicular cell proliferation usually follows a progression from hyperplasia to neoplasia (21, 51) . The most common causes of thyroid follicular neoplasia are iodine deficiency, excess iodine, chemicals that stimulate thyroid stimulating hormone secretion or negative feedback control from the pituitary. Few chemicals induce thyroid tumors by a nonhormonal mechanism (21, 51) . The mech- anism by which bromate induces thyroid tumors is not known. KBrO, was found to be mutagenic in the Ames test and to cause chromosomal aberrations in Chinese hamster fibroblasts (22). KBrO, had no initiating activity in the rat kidney when given as a single dose followed by a promoter, neither initiated nor promoted skin tumors in a skin paint study, and did not induce renal tumor development after 1 or 4 weekly subcutaneous injections in neonatal rats and mice (26, 34, 38) .
Bromate is absorbed rapidly from the digestive tract and excreted in the urine as bromate (30-35%) and bromide (-40%) within 2 hr after administration (4). Bromate is thought to produce its toxic response through oxidative damage restulting from increased levels of lipid peroxide (33, [46] [47] [48] . Bromate forms oxygen radicals, which are known to damage DNA, as evidenced by increased 8-hydroxy deoxyguanine levels in response to oxidative damage (36, 46, 52). Bromate must undergo cellular metabolism to cause DNA damage because DNA damage did not occur directly in an iii vitro mixture of DNA and bromate (30). The mechanism of action for bromate-induced carcinogenesis may include lipid peroxidation, which generates oxygen radicals that induce DNA damage (30). The apparent species differences in the induction of renal cell tumors are correlated with the different levels of lipid peroxidation (36).
The results of the present study agree with those of previous reports that KBrO, is carcinogenic in the rat kidney, thyroid, and mesothelium; the present study also showed that KBrO, is a renal carcinogen in the male mouse. KBrO, was carcinogenic in rodents at concentrations in water as low as 0.02 g/L (20 ppm; 1.5 mgkg/ day). The development of tumors from chronic exposure to KBrO, is thought to be due to bromate metabolism with subsequent lipid peroxidation and generation of oxygen radicals that cause DNA damage (30). The apparent tissue and species specificity is correlated with the level of lipid peroxidation (33). These data can be used to critically assess the relative risk associated with alternative water disinfection methods as compared with chlorination. Although alternatives to chlorination may decrease the occurrence of some carcinogenic disinfection byproducts, they may also increase the occurrence of others.
